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Abstract
Glycoprotein B (gB) is conserved among the herpesviruses and participates in both virus entry and cell–cell spread. The ER export of VZV gB is
mediated by two cytoplasmic domain regions, aa 818–826, which contains a YXXf motif, and the C-terminal 17 aa. The current study examines
whether related sequences in the cytoplasmic domains of HSV-1 and HCMV gB similarly influence the ER export of their gB homologs. Directed
mutations were introduced into the cytoplasmic domains of HSV-1 and HCMV gB, and the efficiencies with which the mutated proteins acquired
Golgi-dependent modifications were determined. Sequences homologous to VZV gB aa 818–826 were required for normal ER export of both HSV-
1 gB and HCMV gB. However, the C-terminal regions of HSV-1 and HCMV gB had no impact on ER export. Therefore, alpha- and
betaherpesvirus gB homologs share conserved ER export signals, but species-specific differences in the ER export of gB also exist.
D 2004 Elsevier Inc. All rights reserved.
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All herpesviruses encode a homolog of glycoprotein B
(gB), and in all cases for which there is data gB is essential
for virus replication (Pereira, 1994). The role of gB in virus
entry, during which it participates in fusion of the virion and
plasma membranes, is well established for several herpes-
viruses including herpes simplex virus types 1 and 2 (HSV-1
and 2) and human cytomegalovirus (HCMV) (Cai et al.,
1988; Cheshenko and Herold, 2002; Compton, 1995;
Navarro et al., 1993; Spear, 1993). While less well defined,
gB also appears to play a key role in the egress and cell-to-
cell spread of several herpesviruses (Baghian et al., 1993;
Cheshenko and Herold, 2002; Heineman and Hall, 2002;
Mettenleiter, 2002; Peeters et al., 1992; Pereira, 1994).
The mature form of VZV gB contains 860 amino acids
(aa) and is a type I membrane protein consisting of a large0042-6822/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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cytoplasmic domain (Davison and Scott, 1986; Maresova et
al., 2003). The cytoplasmic domain of VZV gB is predicted
to contain 125 aa making it the longest cytoplasmic domain
of any VZV membrane protein (Davison and Scott, 1986).
VZV gB has been shown to accumulate in the Golgi of
infected cells (Heineman et al., 2000; Wang et al., 1998),
and the cytoplasmic domain of VZV gB contains specific
sequences that are required for both its ER export and post-
Golgi transport (Heineman and Hall, 2002; Heineman et al.,
2000). The post-Golgi transport signals in the cytoplasmic
domain of VZV gB, which mediate its endocytosis from the
plasma membrane, belong to the YXXf family of internal-
ization signal sequences (where Y is tyrosine, X is any aa,
and f is any bulky hydrophobic aa). The gB homologs of
HSV-1, HCMV, and pseudorabies virus (PRV) are also
internalized from the plasma membrane (De Zarate et al.,
2004; Jarvis et al., 2004; Nixdorf et al., 2000; Radsak et al.,
1996). The endocytosis of HSV-1 gB and its trafficking to
the trans-Golgi network (TGN) are mediated by both
YXXf and LL motifs, whereas the intracellular transport
of HCMV gB is mediated by an acidic cluster in its04) 131–141
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1999). In addition, cytoplasmic domain sequence motifs
mediate the internalization of several other herpesvirus
membrane proteins including VZV gE and gI (Olson and
Grose, 1997, 1998) and PRV gE and US9 protein (Brideau
et al., 1999; Tirabassi and Enquist, 1998, 1999).
In contrast to post-Golgi transport, the export of proteins
from the ER has traditionally been thought of as a bulk flow
event requiring no specific export signals (Hurtley and
Helenius, 1989; Rothman, 1987; Wieland et al., 1987).
However, evidence is accumulating that for at least some
membrane proteins ER export is selectively mediated by
specific signal sequences (Aridor et al., 1998; Belden and
Barlow, 2001; Ma et al., 2001; Nishimura and Balch, 1997;
Nufer et al., 2002; O’Kelly et al., 2002, Otte and Barlow,
2002; Sevier et al., 2000; Stockklausner et al., 2001;
Votsmeier and Gallwitz, 2001; Xu et al., 1998). Several of
these ER export signals contain diacidic sequences of the
type (D/E)X(D/E) (Ma et al., 2001; Nishimura and Balch,
1997; Sevier et al., 2000; Stockklausner et al., 2001;
Votsmeier and Gallwitz, 2001). Of particular note, the ER
export signal in vesicular stomatitis virus (VSV) G protein
requires a YXXf motif immediately proximal to a diacidic
sequence (Nishimura and Balch, 1997; Sevier et al., 2000).
Interestingly, the cytoplasmic domains of many transmem-
brane proteins contain diacidic sequences on the C-terminal
side of YXXf motifs (Bannykh et al., 1998; Sevier et al.,
2000). Moreover, the potassium channel, Kir2.1 (Ma et al.,
2001), the ER vesicle protein Erv46p (Otte and Barlowe,
2002) and the tyrosinase related protein, gp75 (Xu et al.,
1998), contain tyrosines in other contexts within their ER
export signals.
We previously showed that a 9-aa tyrosine-containing
sequence in the cytoplasmic domain of VZV gB (aa 818–
826) is required for the efficient transport of gB from the ER
to the Golgi (Heineman et al., 2000). This sequence (bold),
YMTLVSAAERQE, is part of a larger sequence that
includes a YXXf motif followed by diacidic residues
(underlined) of the type EXXE, and therefore resembles
other ER export signals, particularly that of VSV G protein.
Mutations in several residues within these 9 aa, including
within the YXXf motif and the glutamic acid at aa 826,Fig. 1. Cytoplasmic domains of VZV, HSV-1, HCMV, and EBV gB. The cytoplasm
positions of their putative ER export and retention signals. The ER export signals
consensus ER retention signals consist of multiple basic residues (italics). The amimpaired the ER export of gB whereas both point and
deletion mutations immediately flanking this region had no
impact on the transport of gB to the Golgi. We also showed
that the C-terminal 17 aa of VZV gB were required for the
efficient transport of gB to the Golgi, but we could not
identify specific residues within this sequence that affected
ER export.
While the intracellular transport of HSV-1 and HCMV
gB has been extensively studied (Boyle and Compton,
1998; Carlson et al., 1997; Fan et al., 2002; Singh and
Compton, 2000), the contributions of specific cytoplasmic
domain sequences to their ER export have not been
examined. Notably, sequences homologous to the VZV
ER export signal (aa 818–826) are present in the
cytoplasmic domains of both HSV-1 and HCMV gB. Also,
it has been reported that truncation of HSV-1 gB within this
region eliminates the Golgi-dependent processing of gB
(De Zarate et al., 2004) and alters its intracellular
distribution (Fan et al., 2002). These observations raised
the possibility that the ER export signals identified in VZV
gB are conserved not only among the alphaherpesviruses
but also within the more distantly related betaherpesviruses.
In this study, therefore, we tested the hypothesis that the
cytoplasmic domains of HSV-1 and HCMV gB contain
functional ER export signals homologous to those present
in VZV gB.Results
The cytoplasmic domains of VZV, HSV-1, and HCMV gB
contain consensus ER export sequence motifs
VSV G protein utilizes an ER export signal that contains
a YXXf motif followed by a diacidic sequence (Nishimura
and Balch, 1997; Sevier et al., 2000), and many membrane
proteins have been shown to contain similar sequences in
their cytoplasmic domains (Bannykh et al., 1998; Nishimura
and Balch, 1997). Sequence analysis (Fig. 1) revealed that
the cytoplasmic domains of VZV, HSV-1, and HCMV gB
each contain two YXXf motifs, the more proximal of
which is followed by diacidic sequences. In contrast, EBVic domains of VZV, HSV-1, HCMV, and EBV gB are aligned based on the
all contain YXXf motifs (bold) and diacidic sequences (underlined). The
ino acid numbers of key residues are shown.
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ER (Gong and Kieff, 1990; Lee, 1999), contains no
corresponding motifs. However, the gB homologs from
each of these herpesviruses, including EBV, contain con-
served basic residues that may act as ER retentions signals
(Lee, 1999).
Sequences within the cytoplasmic domain of HSV-1 gB
influence its ER export
Truncation and deletion mutations were introduced into
HSV-1 gB to determine if cytoplasmic domain sequences
influence the export of gB from the ER. HSV-1 gB
possesses N-linked oligosaccharides in its ectodomain that
are processed in the Golgi from high-mannose (endo H-
sensitive) to complex (endo H-resistant) forms (Montalvo
and Grose, 1987; Navarro et al., 1991). The acquisition of
endo H resistance by gB, therefore, was used as the marker
for the ER export of gB. The mutated forms of gB were
expressed in cultured MRC-5 cells, labeled for 1 h, chased
for 4 h, immunoprecipitated, treated with endo H, and
resolved by non-reducing SDS-PAGE. The efficiency with
which the mutated forms of HSV-1 gB were transported to
the Golgi relative to native gB was calculated by assessing
the degree to which they acquired endo H resistance. Note
that this calculation compares the relative amounts of the
endo H-sensitive and -resistant forms in each sample;
therefore, determination of efficiency with which gB thatFig. 2. ER export signals in the cytoplasmic domain of HSV-1 gB. (A) Native (wt
cells that had been labeled for 1 h and chased for 4 h. The immunoprecipitated prote
Endo H-resistant (large arrow) and -sensitive (small arrow) forms of gB are indicate
included as positive and negative controls, respectively. Also, a strip from the bott
(B) The cytoplasmic domains of native (wt) and mutated forms of gB are shown s
849 to 857), and the dashed line denotes the deletion of these sequences. For nativ
endo H resistant gB relative to that in native gB is shown (ER export efficiencyis exported from the ER does not depend on the total
amount of gB present. HSV-1 gB containing C-terminal
truncations of 23 or 41 aa (R882stop and K864stop,
respectively) acquired endo H resistance as efficiently as
native gB (Fig. 2). However, HSV-1 gB truncated after aa
833 (G833stop), resulting in the loss of its C-terminal 72 aa,
remained predominantly sensitive to endo H. These data
suggest that sequences between aa 833 and 864, but not the
C-terminal 41 aa, are required for the export of HSV-1 gB to
the Golgi.
The region between aa 833 and 864 in the cytoplasmic
domain of HSV-1 gB contains a 9 aa region (aa 849–857;
YMALVSAME) that is homologous to the VZV cytoplas-
mic domain sequences required for the export of VZV gB
from the ER (Fig. 1) (Heineman et al., 2000). To determine
if this 9 aa sequence similarly influences the export of
HSV-1 gB from the ER, we constructed a mutated form of
HSV-1 gB lacking this region (D849–857). HSV-1 gB
D849–857, when expressed by transfection and processed
as above, acquired only a minimal level of endo H-
resistance, similar to that seen for G833stop (Fig. 2). This
indicates that HSV-1 aa 849–857 are required for efficient
ER export of HSV-1 gB. Note also that less total HSV-1 gB
G833stop and D849–857 are detectable compared to the
forms gB that are exported normally from the ER (Fig. 2A).
(A nonspecific lower molecular weight protein species
present in all samples served as a loading control [Fig. 2A,
lower panel].)) or mutated forms of HSV-1 gB were immunoprecipitated from transfected
ins were treated with endo H and resolved by non-reducing 8% SDS-PAGE.
d. HSV-1-infected cells (wt, inf.) and mock-transfected cells (no DNA) were
om of the gel containing a non-specific band is shown as a loading control.
chematically. The black boxes represent the putative ER export domain (aa
e and each mutated form of gB expressed by transfection, the percentage of
[mean F standard deviation based on 3 independent experiments]).
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export VZV gB
We previously showed that, in addition to aa 818–826,
the C-terminal 17 aa of VZV gB are required for efficient
ER export of gB, but no specific sequences required for ER
export could be identified within this region (Heineman et
al., 2000). In contrast, as shown above, C-terminal
truncations of comparable or greater length in HSV-1 gB
do not affect its ER export (Fig. 2; R882stop and K864stop).
Nonetheless, the cytoplasmic domains of VZV gB and
HSV-1 gB have marked sequence homology (45% identity,
51% similarity). This, along with the apparent sequence
independence of the C-terminal ER export domain of VZV
gB, raised the possibility that HSV-1 gB C-terminal
sequences may functionally replace the C-terminal 17 aa
of VZV gB and restore native levels of ER export. To test
this hypothesis, a mutated form of VZV gB was constructed
in which its C-terminal 17 aa were replaced the C-terminal
23 aa of HSV-1 gB. The C-terminal 23 aa of HSV-1 were
chosen in order to retain the predicted ER retention signal
common to all of the gB homologs studied (Fig. 1). This
VZV/HSV chimera (VZV gB-R852/HSV) was expressed by
transfection in MeWo cells, labeled for 1 h, chased for 4 h,
immunoprecipitated, endo H treated, and resolved by non-
reducing SDS-PAGE (Fig. 3A). Truncated forms of VZV
gB lacking 17 and 36 aa (R852stop and R833stop,Fig. 3. The C-terminus of HSV-1 gB does not complement that of VZV gB
immunoprecipitated from transfected cells that had been labeled for 1 h and chas
resolved by non-reducing 8% SDS-PAGE. VZV infected cells (wt, inf.) and mock-
respectively. Endo H resistant (large arrow) and sensitive (small arrow) forms of
native VZV gB, and mutated forms of gB, are shown schematically. Numbers repre
the HSV-1 residues added to the C-terminus of VZV gB is shown. For native (wt
endo H resistant gB relative to that in native gB is shown (ER export efficiencyrespectively) were processed identically for comparison.
VZV gB-R852/HSV acquired endo H resistance much less
efficiently than native VZV gB and at a rate similar to that
of VZV gB-R852stop, which contains a C-terminal 17 aa
truncation (Fig. 3B). Thus, the C-terminal sequences of
HSV-1 gB do not functionally complement the C-terminal
17 aa of VZV gB during ER export.
HCMV gB is transported inefficiently to the Golgi during in
vitro expression
Having shown that HSV-1 gB possesses an ER export
signal homologous to that of VZV gB, we sought to
determine if the corresponding sequences in the more
distantly related HCMV gB cytoplasmic domain also
influence ER export. Before doing so, however, it was
necessary to establish the baseline level with which HCMV
gB is exported from the ER upon expression by transfection
(in the absence of other viral proteins) compared to the its
ER export during infection. As a marker for ER export, we
assessed the proteolytic cleavage of HCMV gB as it had
previously been shown that gB is cleaved in the Golgi into
disulfide-linked peptides that migrate at 116 and 55 kDa
(Britt and Auger, 1986), and earlier studies with VZV gB
showed excellent correlation between proteolytic cleavage
and carbohydrate analysis in establishing Golgi-dependent
processing (Heineman et al., 2000). HCMV-infected HFFduring ER export. (A) Native (wt) or mutated forms of VZV gB were
ed for 4 h. The immunoprecipitated proteins were treated with endo H and
transfected cells (no DNA) were included as positive and negative controls,
gB are indicated. (B) The C-terminal 39 aa of the cytoplasmic domain of
sent the aa position of key residues. For mutant R852/HSV, the sequence of
) and each mutated form of gB expressed by transfection, the percentage of
[mean F standard deviation based on three independent experiments]).
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4 h. The labeled cells were lysed, and gB was immunopre-
cipitated and resolved by SDS PAGE under reducing
conditions. More than 70% of gB from HCMV-infected
cells was present as the proteolytically cleaved forms (Fig.
4; left panel, bracket and small arrow) indicating efficient
transport of gB to the Golgi during the 4-h chase. The
efficiency with which HCMV gB is transported to the Golgi
in vitro was determined by expressing HCMV gB in
cultured HFF cells by transfection, then pulse-labeling as
above. Upon immunoprecipitation and resolution by reduc-
ing SDS-PAGE, less than 5% of gB was observed to be
proteolytically cleaved based on the intensity of the smaller
of the two cleavage products (Fig. 4; right panel, small
arrow). This indicates that in HFF cells HCMV gB is
exported to the Golgi far less efficiently when expressed by
transfection than when expressed during infection.
Sequences within the cytoplasmic domain of HCMV gB
influence its ER export
Despite the low efficiency with which transfected
HCMV gB is transported to the Golgi, we nonetheless
sought to determine if sequences corresponding to the ER
export signals present in VZV and HSV-1 gB similarly
influence the ER export of HCMV gB. Towards this end,
sequential truncation and selected alanine substitution
mutations were introduced into the cytoplasmic domain of
HCMV gB. As above, the proteolytic cleavage of HCMV
gB was used as the marker for ER export. The mutated
forms of gB were expressed in cultured HFF cells, labeled
for 1 h, chased for 4 h, immunoprecipitated, and resolved by
reducing SDS-PAGE (Fig. 5A). The efficiency with which
each mutated form of gB was transported to the Golgi
relative to native HCMV gB was calculated by comparing
the abundances of their C-terminal cleavage products to thatFig. 4. Comparison of the ER export efficiency of infected and transfected
HCMV gB. HCMV gB was immunoprecipitated from cells infected with
HCMV Towne (inf.) or from transfected cells expressing HCMV Towne gB
(trans.), and resolved by reducing 8% SDS-PAGE. Mock-transfected cells
(no DNA) were included as a negative control. Uncleaved gB is marked by
the large arrows. The bracket and the small arrows denote the large and
small proteolytic cleavage products of gB, respectively. Molecular mass is
shown in kilodaltons.of the corresponding peptide derived form native HCMV gB
(Fig. 5B). (As expected, mutated forms of gB containing C-
terminal truncations yielded accordingly smaller peptides.)
HCMV gB truncated at its C-terminus by 19 or 45 aa
(R888stop and Q862stop, respectively) was proteolytically
cleaved as efficiently as native gB. However, C-terminal
truncations of 62 and 73 aa (Y845stop and T834stop,
respectively) completely eliminated proteolytic cleavage.
These data indicate that sequences between aa 845 and 862
influence the transport of HCMV gB to the Golgi, but that
the C-terminal 45 aa have no impact on ER export.
The region between aa 845 and 862 in the cytoplasmic
domain of HCMV gB contains a 13 aa region (aa 845–857;
YQMLLALARLDAE) that includes a 9-aa sequence (bold)
homologous to the VZVand HSV-1 gB cytoplasmic domain
ER export signals (including a YXXf motif), as well as a
diacidic sequences (underlined) similar to those found in
other ER export signals (Ma et al., 2001; Nishimura and
Balch, 1997; Sevier et al., 2000; Stockklausner et al., 2001;
Votsmeier and Gallwitz, 2001). To determine directly
whether these sequences influence the export of HCMV
gB from the ER, we introduced three mutations into the
cytoplasmic domain of HCMV gB between aa 845 and 862:
D845–853, in which the 9 aa homologous to the VZV and
HSV-1 gB ER export signals were removed; Y845A, in
which the initial tyrosine was changed to alanine; and DAE-
AAA (aa 855–857), in which the diacidic sequence was
replaced by alanines. The mutated forms of HCMV gB
containing each of these changes were expressed by
transfection and the extent of their proteolytic cleavage
was assessed (Fig. 5). No proteolytic cleavage of D845–853
or DAE-AAA was observed. HCMV gB Y845A underwent
proteolytic cleavage, but with an efficiency of approx-
imately 25% that of native gB as determined by scanning
densitometry (Fig 5A, asterisk). These data indicate that the
9-aa region in the cytoplasmic domain of HCMV gB from
aa 845–853 and the diacidic region from aa 855–857 are
required for the export of detectable amounts of gB from the
ER during a 4-h chase. The initial tyrosine in this sequence
has less influence, but is required for gB to be exported from
the ER with the same efficiency as native gB.
Mutated forms of VZV and HCMV gB that are retained in
ER exhibit stability similar to that of native gB
As shown above (Fig. 2A), mutated forms of HSV-1 gB
with impaired ER export are less abundant after a 4-h chase
than those with normal levels of ER export suggesting they
may be partially degraded in the ER. VZV and HCMV gB
appeared to be stable during 4-h chases regardless of
whether they contain mutations limiting their ER export
efficiency. To determine whether ER export efficiency
affected the stability of VZV or HCMV gB over longer
periods of time, VZV gB-R852stop and HCMV gB-
T834stop, both of which exhibit minimal ER export (Figs.
3 and 5, respectively), were expressed by transfection in
Fig. 5. ER export signals in the cytoplasmic domain of HCMV gB. (A) Native (wt) or mutated forms of HCMV gB were immunoprecipitated from transfected
cells that had been labeled for 1 h and chased for 4 h, then resolved by reducing 8% SDS-PAGE. Mock-transfected cells (no DNA) were included as a negative
control. The smaller cleavage products derived from native and the mutated forms of gB are indicated (arrow). Also, the cleavage product from gB Y845A is
denoted individually (*). (B) The cytoplasmic domains of native (wt) gB and the mutated forms of gB are shown schematically. The large black boxes represent
the ER export domain from aa 845 to 853, and the dashed line denotes the deletion of these sequences. The locations of other HCMV gB cytoplasmic domain
mutations are also shown. For native gB and each mutated form of gB, the percentage of proteolytically cleaved gB relative to that in native gB is shown (ER
export efficiency [mean F standard deviations based on three independent experiments]). Standard errors are not shown for the mutated forms of gB that
yielded undetectable amounts of the proteolytic cleavage product in all experiments.
Fig. 6. Stability of ER retained forms of HCMVandVZV gB. Native HCMV
T.C. Heineman et al. / Virology 328 (2004) 131–141136MeWo cells and HFF cells, respectively, labeled for 1 h,
then chased for 4 or 24 h. Native VZV and HCMV gB were
expressed and similarly processed as controls. After
immunoprecipitation and resolution by SDS-PAGE, both
VZV gB-R852stop and HCMV gB-T834stop were readily
detected after 24 h (Fig. 6). The total amounts of both
appeared to have decreased slightly during the interval from
4 to 24 h, but remained as abundant as the native forms of
gB (non-specific proteins present in all samples demonstrate
that roughly equivalent amounts of total protein were loaded
in each lane). Moreover, no additional proteolytic cleavage
could be detected even after 24 h. Therefore, mutations that
severely impair the ER export of both VZV and HCMV gB
appear to have no effect on their stability over 24 h.gB (wt) or HCMV gB truncated at aa 834 (T834stop), and native VZV gB
(wt) or VZV truncated at aa 852 (R852stop) were immunoprecipitated from
transfected cells that had been labeled for 1 h and chased for either 4 or 24 h,
then resolved by 8% SDS-PAGE. The small arrow denotes the smaller of the
two cleavage products derived from native HCMV gB. The large arrow
denotes the endo H resistant form of VZV gB. The lower VZV panel shows a
non-specific protein species from the same gel and serves as a loading
control. Non-specific bands on the HCMV gel serve the same function.Discussion
We previously showed that a 9 aa YXXf-containing
sequence within the cytoplasmic domain of VZV gB is
required for its efficient export from the ER (Heineman et al.,
T.C. Heineman et al. / Virology 328 (2004) 131–141 1372000). The data presented here demonstrate that homologous
YXXf-containing sequences within the cytoplasmic
domains of both HSV-1 gB (aa 849–857) and HCMV gB
(aa 845–853) similarly influence their ER export. These data
also reveal clear differences in the determinants of ER export
between the gB homologs of VZV, HSV-1, and HCMV.
Most notably, the efficient ER export of VZV gB requires its
C-terminal 17 aa (Heineman et al., 2000), while the ER
export of neither HSV-1 nor HCMV gB is impaired by
removal of 41 and 45 aa, respectively. In addition, the VZV
gB C-terminal sequences required for its efficient ER export
are not functionally complemented by the corresponding
sequences from HSV-1 gB.
The ER export signal previously mapped to aa 818–826
within the cytoplasmic domain of VZV gB requires several
specific amino acids including Y818 and L821 (within the
YXXf motif) and E826. While it is tempting to speculate
that the HSV-1 and HCMV gB ER export signals require
sequences precisely homologous to that of VZV gB, the
actual extents of their ER export signals, and the specific
amino acids within them that are required for their function,
largely remain to be determined. Nonetheless, the data
presented here demonstrate the importance for ER export of
the initial tyrosine in the HCMV gB YXXf motif. Mutation
of this residue (Y845) reduced the ER export of HCMV gB
to about 25% its native level, an effect similar to the 50%
reduction in VZV gB ER export upon mutation of the initial
tyrosine (Y818) in its ER export signal. In addition,
mutation of the diacidic sequences carboxyl to the YXXf
motif of HCMV gB (DAE, aa 855–857) had an even greater
effect on the ER export of gB, reducing it to undetectable
levels. Again, this finding is consistent with the VZV gB ER
export data. Mutation of the first residue, E826, in the
homologous diacidic sequence in VZV gB similarly
abolished its ER export (Heineman et al., 2000). Interest-
ingly, mutation of the second acidic residue in the VZV gB
diacidic sequence, E829, had no impact on the ER export of
gB.
Recently, it was reported that HSV-1 gB truncated at aa
857 is retained in the ER (De Zarate et al., 2004). Truncation
of HSV-1 gB at this point eliminates the diacidic sequence,
ERTE (aa 857–860), but does not eliminate the proximal
YXXf sequence (Fig. 1), the homolog of which is a key
element in the VZV gB ER export signal. Nevertheless, the
ER retention of HSV-1 gB truncated at aa 857 is consistent
with previous VZV gB data since E857 of HSV gB is
homologous to E826 of VZV gB, a residue that is essential
for the function of the VZV gB ER export signal (Heineman
et al., 2000). It is also consistent with the HCMV data
presented here, which demonstrated the importance of the
homologous diacidic sequence for the ER export of HCMV
gB. However, the possibility remains that the HSV-1 gB ER
export signal functions without any contribution from the
YXXf sequence and may, for example, consist only of the
diacidic sequence ERTE (aa 857–860). This would represent
a distinct difference from the VZV and HCMV gB ERexport signals, which (as discussed above) require one or
more residues in their YXXf motifs for normal levels of gB
ER export (Heineman et al., 2000).
Unlike VZV gB, neither HSV-1 nor HCMV gB require
C-terminal sequences for normal ER export as long as their
ER export domains are retained. Deletion of as few as 17 aa
from the C-terminal domain of VZV gB almost completely
eliminates its ER export (Heineman and Hall, 2002;
Heineman et al., 2000), whereas truncations of HSV-1 gB
by 41 aa and HCMV gB by 45 aa have no affect on the ER
export of gB. Moreover, this requirement is sequence
dependent since substitution of the corresponding HSV-1
sequences for the C-terminal 17 aa of VZV gB does not
reconstitute the ER export of VZV gB. These data suggest
that the ER export of VZV, HSV-1, and HMCV gB may be
regulated differently from one another.
The efficiencies with which both VZVand HSV-1 gB are
exported from the ER are similar whether they are expressed
by transfection or infection. By contrast, HCMV gB is
exported from the ER much less efficiently when expressed
by transfection, compared to infection, in HFF cells. This
difference may largely depend on the cell type used in the
transfection experiments. Inefficient proteolysis of HCMV
gB, for example, has previously been noted in both
transfected HFF and COS-1 cells (Marshall et al., 1996;
Qadri et al., 1992), whereas efficient cleavage was observed
in 293T cells (Singh and Compton, 2000). In addition,
several studies showed variable degrees of HCMV gB
proteolysis in U373 cells (Bogner et al., 1997; Reis et al.,
1993; Reschke et al., 1995; Tugizov et al., 1995; Zheng et
al., 1996). The most likely explanation for the different
levels of proteolysis is a block in the ER-to-Golgi transport
of transfected gB in particular cells, rather than the absence
of cellular proteases, as efficient cleavage occurs during
infection of the same cells (Marshall et al., 1996; Reis et al.,
1993).
Mutated forms of VZV and HCMV gB with severely
impaired ER export displayed no loss of total protein
relative to native gB after 24 h. However, the mutated forms
of HSV-1 gB that exhibited defective ER export were
present in lower overall abundances than the forms that
were efficiently transported to the Golgi, suggesting that
HSV-1 gB retained in the ER may be relatively susceptible
to degradation. Nonetheless, sufficient HSV-1 gB remained
intact after 4 h to allow the identification of mutations that
impair ER export. The increased degradation of the mutated
forms of HSV-1gB may reflect an intrinsic property of this
protein or may be related to the different cell lines used to
express the various gB homologs.
The ER export signals in VZV, HSV-1, and HCMV gB
may act by either of two mechanisms that have been well
described in other systems. First, these regions may serve as
binding sites for a cellular protein that masks an ER
retention signal in the cytoplasmic domain of gB (O’Kelly
et al., 2002; Standley et al., 2000; Zarei et al., 2001). VZV,
HSV-1, and HCMV gB all contain potential ER retention
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only conform to consensus ER retention motifs (Zerangue et
al., 1999), but also closely resemble the known Epstein–
Barr virus (EBV) ER retention signal, RRRR, both in
sequence and position within the cytoplasmic domain of gB
(Lee, 1999; Fig. 1). Interestingly, EBV gB lacks cytoplas-
mic domain sequences homologous to the VZV, HSV-1, and
HCMV gB ER export signals described here, and unlike
those gB homologs, it is retained in the ER (Lee, 1999).
Second, the conserved domains may actively promote the
ER export of gB through direct interactions with elements of
the COPII coat. Several ER export signals, some of which
resemble the gB ER export domains described here in that
they contain tyrosines and diacidic sequences, have been
shown to utilize this mechanism (Aridor et al., 1998; Belden
and Barlowe, 2001; Dominguez et al., 1998; Nufer et al.,
2002; Otte and Barlowe, 2002; Votsmeier and Gallwitz,
2001).
The data presented here identify for the first time a
family of conserved ER export signals in a herpesvirus
membrane protein. The presence of these signal sequences
in the cytoplasmic domains of VZV, HSV-1, and HCMV gB
support previous predictions that YXXf sequences asso-
ciated with diacidic domains may represent a general class
of forward transport signals that mediate the export of
membrane proteins from the ER. However, our data also
show that significant differences exist in the determinants of
VZV, HSV-1 and HCMV gB ER export. These differences
suggest that each of the viruses studied may, at least to some
degree, utilize distinct assembly and egress pathways.Materials and methods
Cell Culture and viruses
MeWo cells, an immortalized human melanoma cell line,
MRC-5 cells, a human diploid fibroblast cell line, and BSC-
40 cells, an African green monkey kidney cell line, were
grown in Eagle’s minimum essential medium (EMEM)
containing 10% fetal bovine serum (FBS, Bio-Whittaker)
and GASP (2 mM l-glutamine, chlorotetracycline, penicil-
lin, streptomycin; Quality Biological). Human foreskin
fibroblast (HFF) cells were grown in Dulbecco’s Modified
Eagle Medium (DMEM) containing 10% NuSerum (Bec-
ton-Dickinson) and GASP. The Oka vaccine strain of VZV
was obtained from Jeffrey Cohen and propagated in MeWo
cells. HSV-1 KOS, HCMV Towne and recombinant
vaccinia virus vTF7-3 (Moss et al., 1990) were obtained
from the American Type Culture Collection. HCMV Towne,
which was used for infection and as the source of HCMV
gB coding sequences, was propagated in HFF cells. HSV-1
KOS, which was used for infection and as the source of
HSV-1 gB coding sequences, was propagated in MRC-5
cells. Vaccinia vTF7-3 viral stocks were prepared and titered
in BSC-40 cells.Antibodies
Two different anti-VZV gB monoclonal antibodies
(MAbs) were used, one purchased from Biodesign Interna-
tional and the other generously provided by Bagher
Forghani. Anti-HCMV gB MAbs were purchased from
Biodesign International. Anti-HSV-1 gB MAbs were pur-
chased from Virusys.
Plasmid construction and site-directed mutagenesis of
HCMV, HSV-1, and VZV gB
A 3060 bp fragment of the HSV-1 KOS genome
containing UL27, the ORF encoding gB, was generated
by PCR from an infected cell lysate. In addition to UL27
(2714 bp), this fragment contained 304 bp 5V to the UL27
start codon and 42 bp 3V to its stop codon, and included
flanking HindIII and SpeI restriction sites. Following
digestion with HindIII/SpeI, this fragment was cloned into
pBluescript-SK+(Stratagene) at the corresponding restric-
tion sites such that the HSV-1 gB coding sequences were
downstream of the T7 promoter to yield pBS-HSV1gB. A
2932-bp fragment of the HCMV Towne genome containing
UL55, the open reading frame (ORF) encoding gB, was
generated by PCR from a lysate of infected cells. In addition
to UL55 (2720 bp), this fragment also contained 134 bp 5Vto
the UL55 start codon and 78 bp 3V to its stop codon, and
included flanking HindIII and BamHI restriction sites.
Following digestion with HindIII/BamHI, this fragment
was cloned into pBluescript-SK+(Stratagene) at the corre-
sponding restriction sites such that the HCMV gB coding
sequences were downstream from the T7 promoter to yield
pBS-HCMVgB. The construction of pBS-5802, which
contains the coding sequences for VZV gB under the
control from the T7 promoter, has been described previously
(Heineman et al., 2000).
The gB mutations used in this study were derived from
pBS-HSV1gB, pBS-HCMVgB, or pBS-5802 by site-direc-
ted mutagenesis using the Muta-Gene Phagemid in vitro
mutagenesis kit (Bio-Rad), or the QuikChange XL site-
directed mutagenesis kit (Stratagene). Mutagenic oligonu-
cleotides (obtained form BioSynthesis, Sigma-Genosys or
Integrated DNA Technologies) were used to introduce the
desired changes into the plasmids of interest. The mutagenic
oligonucleotides used in this study are listed in Table 1. To
generate truncated forms of gB, oligonucleotides were
designed to substitute a stop codon for a native codon at
the desired site. Similarly, substitution mutations were
introduced by substituting alanine codons for specific native
codons. To generate gB containing internal deletion
mutations, the oligonucleotides were designed to eliminate
the unwanted codons while maintaining the remainder of the
coding sequence in frame.
To produce chimeric VZV gB in which the C-terminal 23
aa of HSV-1 gB were substituted for the C-terminal 17 aa of
VZV gB, pBS-5802 was mutated to incorporate AflII and
Table 1
Summary of oligonucleotides used to generate HSV-1, VZV, and HCMV gB mutations
Mutationsa Comments Oligonucleotidesb
HSV-1
R882stop 23 aa truncation ATG GTC ATG tag AAG CGC CGC AAC A
K864stopc 41 aa truncation ACG GAA CAC AAG GCC tag AAG AAG GGC ACG AGC
G833stopc 72 aa truncation GGC GAG GAG GGC tga GAC TTT GAC GAG GCC
D849–857c 9 aa deletion GCC CGG GAG ATG ATA CGG/CGC ACG GAA CAC AAG GCC
VZV
R852stop 17 aa truncation CTT GCT TTA tga AAT CGC CGA
R833stop 36 aa truncation TCT AAA GCC tga AAA AAA AAT
HCMV
R888stop 19 aa truncation GACCGA CTG tga CAC CGC A
Q862stopc 45 aa truncation GAG CAG CGA GCG CAG tga AAC GGT ACA GAT TC
Y845stop 62 aa truncation G CAG GCT tag CAG ATG CTT
T834stop 73 aa truncation GAT GCA TCC tag GCG GCT CC
Y845A aa 845 G CAG GCT gcc CAG ATG CTT
D845–853 9 aa deletion GAG CAG GCT/CTG GAC GCA
DAE-AAAc aa 855–857 C CTG GCC CGT CTG gcc GCA gcg CAG CGA GCG CAG C
a Single-letter amino acid abbreviations are used. Numbers represent amino acid position within HSV-1, VZV, or HCMV gB.
b Lower case letters represent altered codons, and / represent sites at which native codons have been deleted.
c These oligonucleotides were used with the QuikChange XL mutagenesis kit (Stratagene). All others were used with the Muta-Gene Phagemid in vitro
mutagenesis kit (Bio-Rad).
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59,557 and 59,619 (Davison and Scott, 1986) yielding
plasmid pBS-5802Afl/Avr. The coding sequences for the C-
terminal 23 aa of HSV-1 gB were amplified by PCR with
AflII and AvrII restriction sites at its termini. Following
digestion with AflII and AvrII, this fragment was cloned into
pBS-5802Afl/Avr to yield pBS5802-R852/HSV.
All mutations were confirmed by sequencing the relevant
regions of the VZV, HSV-1, or HCMV gB constructs using
the dideoxy-chain termination method.
Expression of HCMV, HSV-1, and VZV gB by transfection
Native and mutated forms of HSV-1, HCMV, and VZV
gB were expressed by transfection using a the method of
Fuerst et al. (1986) modified as follows. DNA for trans-
fection was column purified and transfected using Superfect
(Qiagen). Cells at 75–90% confluence were infected with
vaccinia vTF7-3 at a multiplicity of infection of 10, then
transfected using 2 Ag of DNA and 10 Al of Superfect for
each well of a 6-well plate. Cells were incubated at 37 8C,
5% CO2 for 16 h before metabolic labeling.
Radiolabeling and immunoprecipitation of proteins
All metabolic labeling was performed at 37 8C in 5%
CO2. To pulse label gB, infected or transfected cells were
incubated for 1 h in cys, met EMEM containing 125
ACi/ml [35S]Translabel (ICN Pharmaceuticals), then
washed and incubated for the indicated periods in chase
medium (EMEM containing 10% FBS, 24 Ag/ml cysteine
and 15 Ag/ml methionine). Labeled cells were washed
extensively in PBS at 4 8C and lysed in phosphate-bufferedsaline (PBS) containing 1% Triton X-100, 0.5% deoxy-
cholate and 0.1% sodium dodecyl sulfate (SDS). gB was
immunoprecipitated by incubating the cell lysates with anti-
gB MAbs overnight at 4 8C followed by incubation with
Staphylococcus protein G (Pharmacia-Biotech) for 1 h at 4
8C. After washing, precipitated proteins were eluted in
sample buffer containing 2% SDS (Bio-Rad) and resolved
by SDS-polyacrylamide gel electrophoresis (PAGE) on 8%
gels. For reducing gels, 40 mM dithiothreitol (DTT) was
added to the sample buffer before elution. The gels were
dried, and the labeled immunoprecipitated proteins were
visualized by autoradiography.
Carbohydrate analysis
Radiolabeled proteins were immunoprecipitated as
above, then heated at 98 8C for 3 min in 10 Al of 0.2%
SDS, 50 mM Tris–HCl, pH 6.8. After cooling to room
temperature, 10 Al of 0.15 M sodium citrate, pH 5.3, and 1
Al (0.005 units) endoglycosidase H (endo H, Boehringer-
Mannheim) were added. The reactions were incubated
overnight at 37 8C. Sample buffer was added to the endo
H-treated proteins, and they were resolved by SDS-PAGE
on 8% gels.
Comparison of the relative amounts of immunoprecipitated
gB
The relative amounts of gB were determined by scanning
densitometry of autoradiograms using a Molecular Dynam-
ics densitometer. All densitometry readings used in the
calculations described below were the means of at least
three independent experiments. The efficiency of VZV or
T.C. Heineman et al. / Virology 328 (2004) 131–141140HSV-1 gB ER export (E) was defined as percentage of gB
that underwent Golgi-dependent processing from the endo
H-sensitive (low MW) to the endo H-resistant (high MW)
form and was calculated using the formula: E = [Dhigh /
Dhigh + Dlow]  100 where Dhigh and Dlow are the
densitometry readings for the high and low MW forms of
gB, respectively, within a given sample. The relative ER
export efficiency (Erel) for each mutated form of VZV and
HSV-1 gB, compared to that of native gB, was calculated
using the formula: Erel = [Emutated gB / Enative gB]  100,
where Emutated gB and Enative gB are the ER export
efficiencies for the mutated and native forms of gB,
respectively.
The relative efficiency of HCMV gB ER export (Erel)
was based on the proportion of gB that underwent Golgi-
dependent proteolytic cleavage and was calculated using the
formula: Erel = [Dmutated gB / Dnative gB]  100, where
Dmutated gB and Dnative gB are the densitometry readings for
the low molecular weight HCMV gB proteolytic cleavage
product derived from the mutated and native forms of gB,
respectively, within a given experiment. By definition, the
relative efficiencies of native VZV, HSV-1, and HCMV gB
ER export is always 100%.Acknowledgments
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